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Abstract: Platinum nanoparticles stabilized by imidazolium-based 
phosphine-decorated Polymer Immobilized Ionic Liquids (PPh2-PIIL) 
catalyze the hydrolytic evolution of hydrogen from sodium borohydride 
with remarkable efficiency, under mild conditions. The composition of 
the polymer influences efficiency with the catalyst based on a 
polyethylene glycol modified imidazolium monomer (PtNP@PPh2-
PEGPIILS) more active than its N-alkylated counterpart 
(PtNP@PPh2-N-decylPIILS). The maximum initial TOF of 169 
moleH2.molcat
-1.min-1 obtained at 30 °C with a catalyst loading of 0.08 
mol% is among the highest to be reported for the aqueous phase 
hydrolysis of sodium borohydride catalyzed by a PtNP-based system. 
Kinetic studies revealed that the apparent activation energy (Ea) of 
23.9 kJ mol-1 for the hydrolysis of NaBH4 catalyzed by PtNP@PPh2-
PEGPIILS is significantly lower than that of 35.6 kJ mol-1 for 
PtNP@PPh2-N-decylPIILS. Primary kinetic isotope effects kH/kD of 1.8 
and 2.1 obtained with PtNP@PPh2-PEGPIILS and PtNP@PPh2-N-
decylPIILS, respectively, for the hydrolysis with D2O support a 
mechanism involving rate determining oxidative addition or -bond 
metathesis of the O-H bond. Catalyst stability and reuse studies 
showed that PtNP@PPh2-PEGPIILS retained 70% of its activity 
across five runs; the gradual drop in conversion appears to be due to 
poisoning of the catalyst by the accumulated metaborate product as 
well as the increased viscosity of the reaction mixture.  
Introduction 
There is currently an urgent need to reduce our reliance on fossil 
fuels as this resource is finite and dwindling[1] and, moreover, the 
resulting emissions have already increased the atmosphere CO2 
concentration from the pre-industrial level of 250 ppm to the 
present level of 420 ppm (as of July 2020), which is having a 
detrimental impact on our environment (temperature, biodiversity, 
and oceanic acidification) and health.[2] One potential solution is 
to harness the sun’s energy by using it to produce hydrogen as a 
clean renewable energy carrier;[3] the resulting CO2-free energy 
economy would also mitigate climate change and limit further 
damage to the environment as the only by-product from its use, 
in, for instance, a fuel cell, is water. However, as hydrogen is 
highly flammable with a low volumetric energy density, secure and 
efficient storage, transport and release are major challenges 
hindering its implementation as an alternative fuel for clean and 
sustainable energy applications, particularly in the automotive 
industry.[4] If this technology is to become commercially viable it 
will be crucial to address these problems and one potential 
solution has been to identify or develop new low molecular weight 
solid-state or liquid hydrogen-storage materials that can release 
hydrogen efficiently and rapidly under mild conditions.[5] To this 
end, one of the most promising hydrogen storage materials is 
NaBH4 as it has a high storage capacity (10.8 wt.%), is stable, 
safe, non-toxic, inexpensive and water soluble.[6] Although the 
high temperatures (>400 °C) required to release hydrogen from 
NaBH4 limits its practical application, hydrolysis of an aqueous 
solution has been reported to occur under ambient conditions with 




While hydrogen release from NaBH4 has been catalyzed by 
homogeneous systems,[7] the use of supported metal 
nanoparticles has recently received increasing attention because 
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interactions can be tuned to control their efficacy.[8] The high 
activities achieved with small nanoparticles has been attributed to 
their high surface area to volume ratio and quantum confinement 
effects.[9] However, the high surface area of small nanoparticles 
drives their self-aggregation towards larger species that are less 
reactive.[10] One potential solution to improve the stability of 
nanoparticles for catalytic hydrogen generation has been 
confinement in nanoporous materials including porous carbon 
structures,[11] zeolites,[12] mesoporous silicas,[13] porous organic 
polymers,[14] and metal organic frameworks.[15] More recently, 
“click” dendrimers have also been introduced as supports for 
noble metal nanoparticle, late first row transition metal 
nanoparticle and bimetallic nanoparticle-catalyzed hydrogen 
evolution from sodium borohydride and ammonia borane and a 
remarkable synergy between Pt and Co in Pt/CoNP@dendrimer 
has been identified.[16] We have recently initiated a program to 
develop heteroatom donor-decorated PIIL-stabilized 
nanoparticles on the basis that covalent attachment of the ionic 
liquid (IL) to the polymer would combine the favorable properties 
of an IL such as weak electrostatic stabilization of NPs[17] with the 
advantages associated with attachment to a solid support 
including facile product separation, catalyst recovery and 
recycling.[18] Although heteroatom donors (HADs) were initially 
incorporated into the polymer to supplement the stabilization of 
nanoparticle by the ionic liquid, there is now evidence that these 
donors may well enable the surface electronic structure to be 
modified to improve catalyst performance and/or the size and 
morphology of the nanoparticles to be controlled through metal-
heteroatom donor interactions.[19] Moreover, the modular 
construction of these polymers will also enable the hydrophilicity, 
ionic microenvironment, charge density, functionality, and redox 
properties to be modified in a systematic manner and, in this 
regard, heteroatom donor based PIILs may well prove to be 
versatile supports for improving catalyst efficacy and developing 
new processes and technology. Our initial foray in this area has 
shown that phosphine-decorated PEG-modified PIIL stabilized 
PdNPs are remarkably efficient catalysts for the aqueous phase 
hydrogenation of -unsaturated aldehydes, ketones, ester and 
nitriles,[20a] the hydrogenation and transfer hydrogenation of 
nitroarenes in water[20b] and Suzuki-Miyaura cross-coupling in 
aqueous media.[20c] In addition, gold nanoparticles stabilized by 
phosphine oxide decorated PIILs catalyze the selective reduction 
of nitroarenes to afford either N-phenylhydroxylamine, 
azoxybenzene or aniline as the sole product[20d] while ruthenium 
nanoparticles stabilized by the same polymer catalyze the 
hydrogenation of aryl and heteroaryl ketones, furaldehyde, 
levulinic acid and its esters with remarkable efficacy.[20e] During a 
study to explore and optimize the efficiency of PIIL-stabilized 
platinum nanoparticles as catalysts for the sodium borohydride-
mediated reduction of quinoline we discovered that competing 
hydrogen evolution resulting from the hydrolysis of sodium 
borohydride was responsible for the low conversions of quinoline 
obtained. To the best of our knowledge there are no reports of the 
use of ionic liquids or immobilized ionic liquids as supports for the 
NP-catalyzed hydrolytic generation of hydrogen from hydrogen 
rich boron derivatives. Herein we compare the efficiency of a 
PEG-imidazolium and an N-alkyl-imidazolium-based phosphine-
modified polymer immobilized ionic liquid stabilized PtNPs as 
catalysts for the hydrolytic generation of hydrogen from NaBH4 
kinetic studies to explore the mechanism and details of a tandem 
reaction that used the hydrogen generated from NaBH4 in D2O for 
the hydrogenation of 1,1-diphenylethene; eight isotopologues 
were identified, assigned and quantified by NMR spectroscopy 
confirming that H-D scrambling was rapid and that -hydride 
elimination-reinsertion also occurred during the hydrogenation.     
 
Results and Discussion 
Synthesis and Characterization of Tetrachloroplatinate 
Precatalysts and Nanoparticles   
The polymers, tetrachloroplatinate-loaded precursors and the 
corresponding polymer immobilized ionic liquid-stabilized 
platinum nanoparticles employed in this project are shown in 
Figure 1. Polymers 1a-b were prepared by AIBN initiated radical 
polymerization of the constituent imidazolium-based monomer, 
co-monomer and cross-linker following a previously published 
procedure.[20] Both polymers were impregnated with the 
appropriate amount of tetrachloroplatinate to afford metal 
precursor-loaded PIILs, 2a-b, with a phosphine to metal 
stoichiometry of one; the corresponding PIIL-stabilized 
nanoparticles 3a-b were subsequently generated by sodium 
borohydride-mediated reduction in ethanol. The platinum loadings 
in precursors 2a-b and catalysts 3a-b were determined to be 0.43 
mmol g-1/0.76 mmol g-1, and 0.36 mmol g-1/0.77 mmol g-1, 
respectively, using ICP-OES. The 13C CP/MAS NMR spectra of 
2a-b and 3a-b each contain a characteristic set of signals 
between  123 and 144 ppm associated with the imidazolium ring 
and the aromatic carbons atoms as well as additional signals at 
higher field in the range  12-51 ppm, which correspond to the 
methyl and methylene groups attached to the imidazolium ring 
and the aliphatic carbon atoms of the polystyrene backbone. An 
additional intense polymer specific signal at  70 ppm with a 
weaker signal at ca.  59 ppm for 2a and 3a are associated with 
the carbon atoms of the PEG chain and terminal OMe, 
respectively, The solid state 31P NMR spectra of 2a and 2b are 
consistent with the presence of a Pt---P interaction as the 
chemical shifts of  23 ppm and  18 ppm, respectively, are at 
much lower field than the corresponding signal for polymers 1a-b 
which appear at  -6.7 and -6.6 ppm, respectively (see supporting 
information for full details).[20] Similarly, the solid state 31P NMR 
spectra of 3a and 3b contain a set of resonances at ca.  25 ppm 
and  23 ppm, respectively, which suggests that the surface of the 
platinum nanoparticles are also decorated with phosphine. These 
complexation shifts are similar to that reported for ultrasmall 
platinum nanoparticles stabilized on triphenylphosphine-modified 
silica which appeared at  28.5 ppm compared with  -5.6 ppm for 
the high surface area triphenylphosphine polymer.[19c]   
Figure 1. Composition of polymers 1a-b, tetrachoroplatinate impregnated 
precursors 2a-b and polymer immobilised ionic liquid-stabilised platinum 
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Surface characterization of the tetrachloroplatinate-loaded 
precursors 2a and 2b was undertaken by X-ray photoelectron 
spectroscopy (XPS). Two Pt 4f7/2 and Pt 4f5/2 doublets were fitted, 
indicating the presence of two Pt 4f electronic environments. The 
binding energies of both Pt 4f7/2 peaks for 2a, at 72.7 eV and 73.8 
eV, were indicative of Pt0 and Pt2+ species, respectively, whereas 
the binding energies of both Pt 4f7/2 peaks for 2b, at 72.3 eV and 
74.8 eV, were indicative of Pt0 and Pt4+ species, respectively (see 
Figure2 and Figures S25 and S30 in SI). The X-ray photoelectron 
spectra of 3a and 3b (Figure 2) contained a single Pt 4f7/2 and Pt 
4f5/2 doublet with binding energies of 72.6 eV and 75.9 eV 














Figure 2. Pt 4f core-level XPS spectra of (a) 3a and (b) 3b, referenced to the 
Au 4f7/2 peak at 84.0 eV.  
TEM micrographs of 3a and 3b revealed that the platinum 
nanoparticles were near monodisperse with average diameters of 
3.0 ± 0.8 nm and 2.7 ± 1.1 nm, respectively. Representative 
micrographs and associated distribution histograms based on the 
sizing of >100 particles are shown in Figure 3.[20] For comparison, 
PtNPs stabilized by triphenylphosphine-modified silica are less 
than 1 nm in diameter and smaller than those on unmodified silica; 
spectroscopic studies also confirmed the presence of a strong Pt-
P interaction between the PPh3 and PtNPs,[19c] while the mean 
diameters of PtNPs embedded in ZIF-8 (3.4 nm)[15b] or stabilized 
by first or second generation click dendrimers (2.3 nm)[16c] are 
similar to those in 3a and 3b.   
 
Figure 3. Sizing histograms of PtNPs for (a) 3a and (b) 3b. TEM images of the 
materials are shown inset for each material 
PtNP-Catalyzed Hydrolysis of Sodium Borohydride  
As the hydrolysis of sodium borohydride occurs under ambient 
conditions, hydrogen evolution from a solution of sodium 
borohydride was measured as a function of time at various 
temperatures ranging from 21 to 40 °C and all the data obtained 
during this project was corrected by subtracting the background 
hydrogen gas generated in the absence of catalyst under the 
appropriate conditions. Preliminary catalytic studies were 
conducted at 30 °C using 0.32 mol% of 3a and 3b for the catalytic 
hydrolysis of a 0.27 M solution of sodium borohydride, details of 
which are presented graphically in Figure 4. The progress of the 
reaction was monitored by using water displacement from a 
burette system to measure the volume of hydrogen liberated as a 
function of time. Under these conditions, rapid evolution of 
hydrogen starts immediately without an induction period, 
consistent with the metallic state of the platinum. Baseline 
hydrolysis reactions conducted in the presence of polymers 1a 
and 1b revealed that both supports were inactive as the hydrogen 
generation did not exceed that of the background reaction. The 
initial TOF of 81 moleH2.molcat-1.min-1 for 3a is significantly higher 
than the 29 moleH2.molcat-1.min-1 for 3b, and markedly higher than 
the hydrogen generation rate of 6.09 moleH2.molcat-1.min-1 in the 
presence of 1wt% Pt/C at 40 °C for a dilute solution of NaBH4,[22a] 
and 52 moleH2.molcat-1.min-1 with a commercial sample of 5wt% 
Pt/C.[22b] The initial TOFs improved to 169 moleH2.molcat-1.min-1 
and 78 moleH2.molcat-1.min-1 for 3a and 3b, respectively, when the 
reaction was conducted in dilute solution (10 mL of a 0.054 M 
solution of NaBH4) with a reduced catalyst loading of 0.08 mol%; 
these values are probably more representative of the intrinsic 
turnover rates of these catalysts. 
While a direct comparison to literature reports of other 
supported platinum catalysts is complicated and limited in value 
and credibility because of the disparate experimental conditions 
and methods, a survey of the recent literature (Table S5 in the 
ESI) reveals that the initial TOF of 169 moleH2.molcat-1.min-1 
obtained at 30 ºC with 3a is higher than that of 133 moleH2.molcat-
1.min-1 reported for a PtNP@dendrimer,[16a] 117 moleH2.molcat-
1.min-1 obtained at 80 °C with monodisperse PtNPs supported on 
mesoporous silicon nitrides,[23a,b] and a significant improvement 
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carbon nanotubes,[23c] 82.6  moleH2.molcat-1.min-1 for graphene-
supported PtNPs,[23d] 69 moleH2.molcat-1.min-1 for Pt atomic 
clusters on CeO2-Co7Ni2Ox,[23e] 53 moleH2.molcat-1.min-1 in a flow 
reactor with a monolithic PtNP/Al2O3/cordierite catalyst,[23f] 41-60 
moleH2.molcat-1.min-1 with a silicon–aluminum–carbon–nitrogen 
(Si/Al/C/N) framework impregnated with PtNPs,[23g] 60 
moleH2.molcat-1.min-1 with CoPtNPs supported on poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) functionalized 
multi-walled carbon nanotubes,[23h] 78 moleH2.molcat-1.min-1 
obtained at 80 ºC with PtNPs supported on a TiN/Si3N4 
nanocomposite,[23i] comparable to that of 156 obtained at 70 ºC 
with fibre-shaped cobalt coated with PtNPs,[23j] but lower than that 
of 330 moleH2.molcat-1.min-1 with micro/mesoporous platinum-
SiCN nanocomposites,[23k] and 780 moleH2.molcat-1.min-1 (90,000 
mL min-1 g-1cat) for nanoporous platinum;[23l] the latter is currently 
the most active noble metal catalyst for this reaction.    
Figure 4. Hydrolytic release of hydrogen from NaBH4 as a function of time at 
30 °C catalyzed by 0.32 mol% and 0.08 mol% of 3a and 3b, respectively, and 
the corresponding initial TOFs.  
There have been numerous reports of sodium hydroxide 
enhancing the efficacy of metal nanoparticle-based catalysts for 
the hydrolysis of NaBH4 and ammonia borane which has been 
attributed to coordination of OH- to the surface of the NP 
enhancing its electron density and thereby facilitating oxidative 
addition of the O-H bond. To this end, significant improvements in 
the rate of hydrolysis have been achieved with click dendrimer 
stabilized Rh, Ru, Pd, Au and Ni nanoparticles,[16a] Co and Ni 
nanoparticles embedded in the zeolitic imidazolate framework of 
ZIF-8,[15b,e] bimetallic nanoparticle CoPt and Ni2Pt systems,[15c,16c] 
non-noble metal CuCoMo containing nanoparticles,[24] and NiCoP 
on oxygen-doped porous carbon.[25] However, the presence of 
NaOH has been reported to have a negative impact on Pt-based 
nanoparticles as platinum is highly electron rich and readily 
promotes oxidative addition of an O-H bond in the surface bound 
activated hydrogen-bonded adduct [BH3H-]----H-OH. As there is 
no need to further enhance the electron density of the PtNP 
surface, the added OH- has been proposed to occupy surface 
active sites which prevents substrate coordination and 
activation.16a-c Interested in exploring the influence of NaOH 
concentration on the performance of 3a as a catalyst for the 
hydrolysis of NaBH4, the initial TOF was studied as a function of 
the amount of added sodium hydroxide at 21 °C by varying the 
concentration between 0.035 mM and 1.12 mM. The data in 
Figure 5 shows a slight but measurable increase in the initial TOF 
for PtNP@PPh2-PEGPIILS (3a) with increasing concentration of 
NaOH up to an optimum of 49 moleH2.molcat-1.min-1 in 0.14 mM, 
compared with 39 moleH2.molcat-1.min-1 in the absence of NaOH; 
the TOF then decreased with a further increase in the NaOH 
concentration. Rather than exerting a negative effect by 
coordinating to the surface, as previously suggested, the 
hydroxide may modify the catalyst-support interactions to render 
substrate activation more favourable. The dispersity of the 
catalyst in the reaction mixture was observed not to change as a 
function of NaOH (See Figure S51 in the ESI file) so can be ruled 











Figure 5. TOFs for the catalytic hydrolysis of 2 mL of an aqueous solution of 
NaBH4 (0.021 g, 0.57 mmol) at 21 °C with 0.32 mol% 3a as a function of the 
sodium hydroxide concentration.   
The disparate performance of 3a and 3b, as measured by 
the initial TOFs, prompted us to undertake comparative kinetic 
studies with 3a and 3b to investigate the temperature dependence 
of the rate as well as the influence of catalyst and sodium 
borohydride concentration on the kinetics of hydrolysis. Hydrolytic 
reactions were conducted to monitor the initial rate as a function 
of time at various temperatures ranging from 294 to 313 K. The 
apparent activation energies (Ea) for the hydrolysis of a 0.27 M 
solution of NaBH4 catalyzed by 0.32 mol% 3a and 0.69 mol% 3b 
were determined to be 23.9 kJ mol-1 and 35.6 kJ mol-1, 
respectively, from an Arrhenius plot of ln k against 1/T (lnk = lnA 
- Ea/RT); where the initial rates (k) were determined from the linear 
portion of the graph (Figure 6a-b). These values fall in the region 
for other noble metal nanoparticle-based systems including 32.1 
kJ mol-1 for a nanoporous platinum catalyst prepared by chemical 
etching,[23i] 24.9 kJ mol-1 for a Pt/Co@dendrimer-based 
catalyst,[16a] 47.4 kJ mol-1 for platinum atomic cluster on cobalt 
nickel oxide-CeO2,[23e] 46.3 kJ mol-1 for PtNPs supported by a 
polymer-derived silicon carbonitride structure,[23h] 39.2 kJ mol-1 for 
well-dispersed PtNPs,[26] 36.0 kJ mol-1 for carbon-supported 
platinum,[23c] 39.8 kJ mol-1 for ruthenium electrodeposited on 
nickel foam,[27] and 32 kJ mol-1 for zeolite confined RuNPs.[12c] The 
lower Ea determined for 3a compared with 3b is consistent with 
its efficacy which may be due to either a catalyst-support 
interaction involving the PEG fragment or the hydrophilicity of the 
PEGylated support facilitating access of the substrate to the 
active site. To this end, efficient hydrolysis of NaBH4 requires 
rapid penetration of the substrate into the polymer support as well 
as access of the borohydride anion to the surface of the platinum 
nanoparticle and, in this regard, the hydrophilicity of the 
PEGylated support would increase the dispersibility of the catalyst 
in water as well as provide a hydrophilic environment at the 
nanoparticle surface that facilitates interaction of the borohydride, 
formation of the hydrogen bonded [BH3-H---H—OH]- ensemble 
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Figure 6. Plots of volume of hydrogen against time for the hydrolysis of 2 mL of 0.27 M NaBH4 at various temperatures catalyzed by (a) 0.32 mol% 3a and (b) 0.69 
mol% 3b, respectively; corresponding Arrhenius plots for the hydrolysis of NaBH4 catalyzed by (c) 3a and (d) 3b; the initial rates were determined from the slopes 










Figure 7. (a) and (b) Plots of volume of hydrogen vs time for the hydrolysis of 2 mL of 0.27 M NaBH4 at 35 °C catalyzed by various concentrations of 3a and 3b, 
respectively: (c) and (d) plots of hydrogen generation rate vs concentration of catalyst in logarithmic scale for 3a and 3b, respectively. Volumes measured are an 
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Figure 8. (a) and (b) Plots of volume of hydrogen vs time for the hydrolytic dehydrogenation of NaBH4 catalyzed by 3a (0.0725 g, 0.026 mmol) and 3b (0.0340 g, 
0.026 mmol), respectively; reactions were conducted in 200 mL water and the initial concentration of sodium borohydride varied ([NaBH4]0 = 0.13, 0.26, 0.39, 0.52, 
0.65, 0.78 mM); (c) and (d) plots of hydrogen generation rate versus concentration of sodium borohydride in logarithmic scale for (c) 3a and (d) 3b, respectively. 
Volumes measured are an average of three runs.  
The activity of 3a and 3b for the hydrolytic release of 
hydrogen from NaBH4 as a function of catalyst concentration was 
explored across a range of catalyst loadings in 0.27 M NaBH4 at 
25 °C (Figure 7a-b) and logarithmic plots of the hydrogen 
generation rate versus platinum concentration are straight lines 
(Figure 7c-d) with slopes of 0.72 and 0.87, respectively, indicating 
that the hydrolysis is close to first order with respect to catalyst 
concentration. A survey of the relevant literature revels that this 
data is consistent with recent reports for the catalytic hydrolysis of 
hydrogen-rich boron derivatives with platinum-based 
nanoparticles as well as other noble and non-noble metal 
nanoparticles. For example, hydrogen evolution from sodium 
borohydride or ammonia borane catalyzed by Pt/Co@dendrimer 
(slope = 0.85),[16a,c] zeolite-confined RuNPs (slope = 0.73),[12c] 
PVP-stabilized RuNPs (slope = 0.94),[28] Ni2Pt@ZIF-8 (slope = 
0.82),[15c] NiNP@ZIF-8 (slope 0.98),[15b] Pt@MWCNT,[23c] Ru, Pt 
and CoNP@dendrimer (slope = 0.92, 0.88, 0.79 respectively)[16b] 
and porphyrin-stabilized RuNPs (slope = 1.17).[29]   
A study of the variation in the rate of hydrolysis of NaBH4 as 
a function of the substate concentration was also conducted with 
catalyst 3a at 30 °C by varying the initial concentration of NaBH4 
([NaBH4]0 = 0.13, 0.26, 0.39, 0.52, 0.65, 0.78 mM) to obtain kinetic 
data on a series of reactions with catalyst:substrate ratios 
between 1:1 and 1:6 (Figure 8a); the corresponding logarithm plot 
of hydrogen generation rate versus NaBH4 concentration has a 
slope of 1.08 (Figure 8c), which indicates that the hydrolysis is 
first order with respect to substrate. Similarly, the corresponding 
kinetic study catalyzed by 3b was also conducted across the 
same range of NaBH4 concentrations and the initial rate increased  
with increasing concentration of NaBH4 (Figure 8b) the slope of 
1.16 for the logarithmic plot of the hydrogen generation rate 
against concentration of NaBH4 means that the hydrolysis 
catalyzed by 3b is also first order with respect to substrate and 
activation of NaBH4 is involved in the rate determining step 
(Figure 8d).  
 
 
Kinetic Isotope Effect 
The kinetics of the hydrolytic dehydrogenation of NaBH4 are 
complicated and depend on the nature of the catalyst, the support 
as well as the concentration of the substrate and several potential 
pathways have been proposed.[5b-c,5l,8b,22b,c] However, studies 
have consistently shown that sodium borohydride acts as a 
hydride donor and provides one of the two H atoms of the 
released hydrogen while the second H atom is a proton derived 
from water [6d] and kinetic isotope effects using D2O are consistent 
with a rate determining step that involves activation of one of the 
O-H bonds of water.[15e,16a,30] Activation of the absorbed water 
most likely occurs via oxidative addition which would be facilitated 
or assisted by a hydrogen-bonding interaction between a water 
proton and a surface-coordinated borohydride in [H3B-H----H-
OH]-; such an interaction would promote the oxidative addition by 
decreasing the electron density of the O-H bond. In the final step, 
the hydrogen would be liberated from the surface either by 
reductive elimination between water- and borohydride-derived 
metal hydrides (Figure 9a) or a concerted -bond metathesis-like 
process involving a surface-coordinated borohydride and a water-
derived M-H, perhaps assisted by a surface hydroxide (Figure 9b). 
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the hydrogen onto the nanoparticle could occur either via 
oxidative addition of one of the B-H bonds or hydride transfer with 
the negative charge delocalized on the surface; the latter is most 
likely as borohydrides are powerful transfer reagents.[31]  However, 
we cannot exclude the possibility that activation of the O-H bond 
in water may involve a hydrogen-bonding interaction with a 
surface-coordinated hydride, i.e. NP-H-----H-OH, generated via 
facile hydride transfer from NaBH4 to the PtNP, rather than 
involving a surface-coordinated borohydride, as described above.  
 
Figure 9. Proposed pathways for PtNP-catalyzed hydrolytic hydrogen evolution 
from NaBH4 - via oxidative addition of an O-H in water involving the hydrogen-
bonded surface-coordinated ensemble [H3B-H---H-OH] followed by either (a) 
reductive elimination or (b) a -bond metathesis-type process.     
To this end, the role of H2O in the hydrolysis of NaBH4 
catalyzed by 3a and 3b was explored by conducting reactions at 
35 °C in D2O to determine the kinetic isotope effect (KIE). A 
comparison of the efficacy of 3a and 3b as catalysts for the 
hydrolysis of NaBH4 conducted in H2O and D2O shows that the 
reaction is significantly faster in H2O than in D2O with primary 
KIEs (kH/kD) of 1.9 and 2.1, respectively (Figure 10a-b). As 
described above, these values are consistent with a rate 
determining step that involves cleavage of one of the O-H bonds 
of water; these values are consistent with a solvent isotope effect 
of 1.8 obtained by Guella in a detailed kinetic study on the 
hydrolysis of NaBH4 using 5 wt% Pt/C,[22b] as well as more recent 
reports with noble and non-noble metal nanoparticle-based 
systems including NiNP@ZIF-8 (kH/kD = 2.49),[15b] dendrimer-
stabilized Rh and Pd nanoparticles (kH/kD = 2.3 and 2.8, 
respectively),[16b] and PtCo@dendrimer (kH/kD = 2.4).[16c] The 
corresponding comparison of the efficacy of 3a and 3b as catalyst 
for the hydrolysis of NaBH4 and NaBD4 in H2O showed only a 
slight difference in the initial rate of hydrogen evolution with 
primary KIEs of 1.3 and 1.2, for 3a and 3b, respectively, 
suggesting that B-H(D) bond cleavage does not occur in the rate 
determining step. The absence of a large KIE for hydrolysis of 
amine-borane and NaBH4 deuterated at the boron has previously 
been reported for NiNP@ZIF-8[15b] and Pt/C,[22b] respectively. 
While the above data is consistent with a mechanism involving 
rate determining oxidative addition of an O-H bond, we cannot 
unequivocally distinguish between pathways involving a surface 
coordinated BH4 and a borohydride-derived Pt-H. While both 
processes may involve a surface-coordinated hydrogen bonded 
ensemble of the type [H3BH-]-----H-OH the oxygen atoms of PEG 
and the ionic liquid environment will influence the hydrophilicity at 
the surface and thereby assist the H-transfer and/or O-H cleavage 










Figure 10. Hydrogen release from a 0.27 M solution of NaBH4 in H2O and D2O 
catalyzed by (a) 0.32 mol% 3a and (b) 0.69 mol% 3b conducted at 35 °C. 
Volumes measured are an average of three runs.  
A tandem reaction in which the hydrogen generated from 
the hydrolysis of NaBH4 in D2O catalyzed by 0.32 mol% 3a at 
30 °C was used for the hydrogenation of 1,1-diphenylethene to 
study the product distribution and thereby further investigate the 
mechanism. The hydrogen was generated in a sealed reaction 
flask using 0.32 mol% 3a at 30 °C; after 60 min the connector was 
opened to a second reaction flask containing a solution of 1,1-
diphenylethene in d4-methanol with 0.5 mol% Pd/C. The 
hydrogenation mixture was stirred at 30 °C for 18 h, after which 
time 1H NMR spectroscopy confirmed that the reaction had 
reached 100% conversion. Analysis of the reaction mixture by a 
combination of 1H, 2H, and 13C NMR spectroscopy as well as gas 
chromatography-mass spectrometry revealed that the 
hydrogenation generated a mixture of all 8 isotopologues of 1,1-
diphenylethane, as shown in Scheme 1. 
The assignment is most clear in the methine region of the 
13C{1H} NMR spectrum of the reaction mixture (ca.  44.5 ppm) 
which contains four singlets at  44.88,  44.81,  44.74,  44.66 
ppm associated with I, II, III and IV, respectively. These species 
were assigned based on the chemical shifts that would be 
predicted for a two bond 13C-D isotope shift of ca. 0.07 ppm. Four 
1:1:1 triplets at  44.46,  44.39,  44.31 and  44.24 ppm with a 
JCD coupling constant of 19.5 Hz correspond to the remaining 
isotopologues V, VI, VII, VIII, each with one deuterium on the 
methine carbon atom and either zero, one, two or three D atoms 
attached to the methyl group; the stacked spectra in Figure 11 
show the simulated spectrum for each isotopologue along with the 
summed simulated spectrum and the experimental spectrum of 
the mixture. The simulation confirms the assignment and relative 
proportion of each of the isotopologues (see Table S3 in the ESI 
for full details); the coupling constants, line widths, isotope shifts, 
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Scheme 1. Hydrogenation of 1,1-diphenylethene in d4-methanol with HD generated from hydrolysis of NaBH4 in D2O catalyzed by 0.32 mol% 3a showing the 







Figure 11 Stacked plot showing the individual simulated spectra, the summed simulated spectrum and the experimental 13C{1H} NMR spectrum, in the methine 
region, of the eight possible hydrogenation products of 1,1-diphenylethene in d4-MeOH using hydrogen generated from the hydrolysis of NaBH4 in D2O catalyzed 
by 0.32 mol% 3a. 
moreover, the resonances in the methyl region (ca.  21 ppm) 
have also been assigned and simulated which confirms the 
distribution of isotopologues and their relative proportions. If the 
hydrogen generated from the hydrolysis results solely from a 
borohydride-derived hydride and a D2O-derived proton the total 
deuterium count across isotopologues II-VIII would be one. 
However, the total deuterium count of 2.51 across these species, 
as determined from the relative proportions, may result from H/D 
exchange either at the nanoparticle surface to generate a mixture 
of D2 and HD after O-D bond cleavage and/or with the d4-
methanol on the surface of the Pd/C during the hydrogenation 
step. This H/D exchange was further explored by conducting the 
hydrogenation in d4-methanol using hydrogen generated from 
NaBH4 and H2O; analysis of the isotopologue distribution gave a 
total deuterium incorporation of 1.19, which confirmed that 
exchange on the surface of the Pd/C is rapid, full details are 
provided in the supporting information. Exchange at the 
nanoparticle surface was investigated by conducting the Pd/C 
catalyzed hydrogenation in toluene using ‘HD’ generated from the 
hydrolysis of NaBH4 with D2O in the presence of catalyst 3a; the 
total deuterium incorporation of 0.94 was close to the expected 
value of one if H/D exchange was slow under these conditions. In 
addition, the generation of significant amounts of isotopologues 
containing -CD2H and -CD3 (III, IV, VII and VIII) is quite 
remarkable and consistent with facile scrambling via -hydride 
elimination from a surface M-CPh2CH2D species to generate 
Ph2C=CHD, reinsertion into a M-D to afford M-CPh2CHD2 
followed by reductive elimination; this is far more likely than the 
alternative pathway involving -bond metathesis between an M-
D and a C-H bond of the methyl fragment in CPh2HCH2D. A higher 
than stoichiometric deuteration of phenylethylene with 
tetrahydroxydiboron/D2O-derived deuterium has recently been 
described and attributed to the equilibrium of olefin 
insertion/extrusion involving metal-hydride/deuteride species.[32]  
Scrambling was also shown to be facile when the hydrogenation 
was conducted in toluene using D2 generated from NaBD4 and 
D2O; the total deuterium incorporation of 1.65 is close to the 
expected value of two, details of which are provided in the 
supporting information.     
 
Catalyst Recycle Studies  
The stability and lifetime of 3a was investigated for the hydrolysis 
of sodium borohydride to assess the longevity of the catalyst and 
the potential for integration into a continuous flow platform, as 
demonstrated previously for the transfer hydrogenation of 
nitrobenzene using PdNP@PPh2PEGPIILS as catalyst.[20b] As the 
practical problems associated with recovering the small amount 
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of the catalyst in a conventional recycle, a reuse experiment was 
conducted by monitoring the amount of gas generated until the 
reaction was complete. The aqueous mixture was then recharged 
with an additional portion of sodium borohydride and the 
sequence repeated to monitor the catalyst performance as a 
function of reaction time and recycle number. The conversion-
time profile in Figure 12a shows that high conversions were 
obtained across five reuses although a slight increase in reaction 
time for each run was required to achieve comparable 
conversions in successive cycles as the conversion achieved 
after 8 min dropped from 85% to 61% in the 5th run (Figure 12c). 
Figure 12b shows the loss in catalyst activity in successive reuses, 
as defined by the percentage decrease in the initial rate based on 
the slope of the linear portion of the plots in Figure 12a. The profile 
in Figure 12b shows that 3a retains ca. 70% of its activity across 
five runs; this is comparable to recycle studies reported with 
dendrimer-stabilized PtCo, Rh and Pt nanoparticles,[16a,b,c] RuNPs 
embedded in amine-functionalized MIL-53(Al),[15f] NiNPs 
dispersed in the zeolitic imidazolate framework of ZIF-8,[15b] RuNP 
stabilized by polyvinylpyrrolidone,[28] highly dispersed PtNPs 
generated using -cyclodextrin,[26] and zeolite-confined 
RuNPs,[12c] each of which retained between 61% and 75% activity 
up to the fifth cycle.   
 
Figure 12. (a) Plots of volume of hydrogen versus time for the hydrolysis of 
NaBH4 catalyzed by 2 mol% 3a at 30 °C during the reusability study across five 
runs. (b) conversion reached in each run and percentage of initial activity 
remaining after successive reuses. Volumes measured are an average of three 
runs and (c) table showing conversion as a function of time.  
Analysis of the aqueous phase collected after the 5th run 
revealed that the platinum content was too low to be detected by 
ICP-OES (< 0.1 mg L-1) confirming that the reduction in activity 
was unlikely to be due to leaching of the platinum to generate a 
less active homogeneous species. EDX analysis of the catalyst 
after 5 recycles revealed a significant amount of boron fouling on 
the catalyst, which is proposed to be the reason for the reduction 
in activity (see ESI for full details). The heterogeneous nature of 
the active species was explored by conducting a hot filtration test 
in which a hydrolysis catalyzed by 0.32 mol% 3a was allowed to 
reach completion after which the reaction mixture was filtered 
through a syringe filter (0.45 m) and an additional portion of 
NaBH4 added to the filtrate. The gas evolution corresponded to 
the background hydrolysis which confirmed that the active 
platinum species had been removed. In a complimentary hot 
filtration test, a hydrolytic reaction mixture was filtered to remove 
3a after it had reached ca. 50% conversion (t = 8 min); the 
hydrogen subsequently liberated from the filtrate was quantified 
and corresponded to uncatalyzed background hydrolysis (Figure 
13), which further indicates that the active catalyst is 
heterogeneous. However, it is important to note that the ICP 
analysis and the hot filtration test cannot unambiguously 
distinguish between heterogeneous catalysis at defect sites on 
the surface of the nanoparticle and a homogeneous process 






Figure 13. Hot filtration test for the hydrolysis of NaBH4 using 0.32 mol% 3a 
showing that turnover has been completely quenched after filtration at t = 8 min. 
Red line - reaction in the presence of catalyst; blue line reaction catalyzed by 
3a and filtered to remove catalysts after 8 min.    
TEM analysis of the catalyst remaining after the fifth run 
revealed that the platinum nanoparticles remained unchanged 
and essentially monodisperse with a mean diameter of 2.6 ± 0.7 
nm compared with 3.0 ± 0.8 nm for freshly prepared catalyst 





















































 (c)  
Table 1. Conversion as a function of time for the 
reuse of 3a as a catalyst for the hydrolysis of NaBH4 
Run Conv. Time (min) 
1 86 8 
2 85 8.75 
3 86 10 
4 83 10.25 
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Figure 14. Sizing histogram of PtNPs for 3a after 5 experimental cycles. A TEM 
image of the material is shown in the inset.   
Thus, agglomeration is not responsible for the drop in 
conversion with increasing use, however, there have been 
numerous reports that the sodium metaborate hydrolysis product 
can deactivate the catalyst by adsorption on the 
surface.[13b,15f,16c,33] To this end, a series of parallel reactions were 
run by pre-stirring an aqueous suspension of catalyst with one 
equivalent of sodium metaborate prior to addition of sodium 
borohydride and the activity monitored as a function of pre-stirring 
time. A comparison of the catalyst performance in the absence of 
NaBO2 against the same reaction with added NaBO2 as a function 
of the pre-stirring time clearly shows that the metaborate poisons 
or passivates the catalyst (Figure 15a). The corresponding data 
in Figure 15b shows that this poisoning is instantaneous as there 
is a dramatic reduction in the conversions obtained after 8 min 
from 86% in the absence of NaBO2 to 63% upon direct addition of 
NaBO2 with no pre-stirring (time 0 min). Conversions continued to 
drop with increasing pre-stirring time to 39% for 60 min and 
ultimately to 32% after the pre-stirring was increased to 18 h; this 
stirring time-conversion profile presumably reflects the kinetics of 
adsorption of the metaborate on the surface of the nanoparticles. 
Finally, a baseline experiment in which an aqueous solution of the 
catalyst was stirred for 18 h prior to addition of NaBH4 gave the 
same initial TOF and conversion profile as that obtained when the 
NaBH4 was added to fresh catalyst, which indicates that the 
catalyst was stable and maintained its activity and that the drop in 
conversion after 18 h of pre-stirring with sodium metaborate was 
due entirely to adsorption of the hydrolysis product on the support 
and/or surface of the nanoparticle.  Thus, the decrease in the 
activity of 3a is attributed to the deactivation effect of the 
metaborate product and a slight increase in the size of the PtNPs, 
although we cannot exclude an increase in the viscosity of the 








Figure 15. (a) Plot of volume of H2 vs time for the hydrolysis of NaBH4 catalyzed 
by 2 mol% 3a as a function of pre-stirring time with added NaBO2; (b) 
corresponding conversions and TOFs as a function of NaBO2 pre-stirring time.  
Conclusions  
Polymer immobilized ionic liquid stabilized PtNPs catalyze the 
hydrolytic evolution of hydrogen from sodium borohydride with 
remarkable efficiency and catalyst stabilized by PEG-modified 
imidazolium-based polymer (PtNP@PPh2-PEGPIILS) is markedly 
more active than its N-decyl counterpart (PtNP@PPh2-N-
decylPIILS). The initial TOF of 169 moleH2.molcat-1.min-1 obtained 
with PtNP@PPh2-PEGPIILS is among the highest for a PtNP-
based catalyst compared to literature reports. A study of the 
reaction kinetics revealed that the hydrolysis is first order in 
catalyst and sodium borohydride with apparent activation 
energies of 23.9 kJ mol-1 and of 35.6 kJ mol-1 for PtNP@PPh2-
PEGPIILS and PtNP@PPh2-N-decylPIILS, respectively. While 
the principle role of the PIIL is to stabilize the metal nanoparticles, 
the improvement in catalyst performance arising from the 
incorporation of the N-PEGylated imidazolium compared with its 
N-decyl counterpart may be associated with a change in the 
balance of hydrophilicity/hydrophobicity which could (i) increase 
the dispersibility of the catalyst and facilitate access to more 
exposed active sites, (ii) modify catalyst-support interactions to 
render substrate activation more favorable or (iii) facilitate 
interaction of the borohydride, formation of the surface bound 
hydrogen-bonded [BH3-H---H—OH]- ensemble and activation of 
the water towards oxidative addition. Primary KIE (kH/kD) of 1.8 
and 2.1 obtained in D2O indicates rate determining O-H bond 
cleavage of water facilitated by hydrogen bonding with a hydridic 
B-H bond of surface bound borohydride. The catalyst retained 
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that the loss in activity was most likely due to deactivation by the 
metaborate hydrolysis product as the activity could be restored by 
washing. A tandem reaction that used the hydrogen generated 
from the hydrogenation of NaBH4 in D2O for the hydrogenation of 
1,1-diphenylethene generated a mixture of all eight possible 
isotopologues, which is consistent with facile H/D scrambling on 
the surface of the nanoparticle prior to reductive elimination to 
generate H2, H-D and D2 as well as facile and competitive -
hydride elimination-reinsertion during the hydrogenation. We are 
currently exploring the efficacy of 3a-b as catalysts for the 
dehydrogenation of ammonia borane and dimethylamine borane 
and will extend this study to a host of other hydrogen rich 
substrates as well as integrate the most efficient systems into a 
continuous flow process. Moreover, the concept of PIIL-stabilized 
NPs will enable synergistic bimetallic and non-noble metal 
catalyst to be developed that are more cost effective, stable, 
durable, and highly active for the release of hydrogen from 
hydrogen rich materials as well as the hydrogen evolution reaction. 
The modular composition of the PIIL supports will also lend itself 
to modifying properties such as ionic microenvironment and 
charge density, number and type of heteroatom donors, surface 
potential, hydrophilicity, and porosity and thereby substrate 
accessibility and catalyst surface interactions and ultimately 
catalyst efficacy.   
 
Experimental Section 
Synthesis of [PtCl4]@PPh2-PEGPIILS (2a). A round-bottomed flask was 
charged with PPh2-PEGPIIL co-polymer (3.04 g, 2.0 mmol) and water (45 
mL) and stirred vigorously while adding a solution of K2[PtCl4] (0.84 g, 2.02 
mmol) in water (3-4 mL). The resulting red/orange mixture was stirred for 
12 h after which the precipitate was collected by filtration through a 
sintered frit and washed with distilled water (3 x 15 mL), ethanol (3 x 20 
mL) and diethyl ether (3 x 20 mL) to afford 2a as a red/brown powder in 
80 % yield (1.62 mmol, 2.80 g) after exhaustive drying under high vacuum. 
ICP-OES data: 8.5 wt% platinum corresponding to a platinum loading of 
0.43 mmol g-1. 
Synthesis of [PtCl4]@PPh2-N-decylPIILS (2b). A round-bottomed flask 
was charged with PPh2-N-decylPIIL co-polymer (5.00 g, 4.48 mmol) and 
water (65 mL) and stirred vigorously while adding a solution of K2[PtCl4] 
(1.86 g, 4.48 mmol) in water (3-4 mL). The resulting red/orange mixture 
was stirred for 12 h, after which the precipitate was collected by filtration 
and washed with distilled water (3 x 15 mL), ethanol (3 x 20 mL) and diethyl 
ether (3 x 20 mL) to afford 2b as a red/brown powder in 92% yield (4.10 
mmol, 5.50 g) after exhaustive drying under high vacuum. ICP-OES data: 
13 wt% platinum corresponding to a platinum loading of 0.66 mmol g-1.  
Synthesis of PtNP@PPh2-PEGPIILS (3a). A round bottom flask was 
charged with [PtCl4]@PPh2-PEGPIILS (2.50 g, 1.45 mmol) and ethanol (50 
mL) and the resulting suspension treated dropwise with a solution of 
NaBH4 (0.43 g, 11.6 mmol) in water (3 mL).. The solution instantly turned 
from orange to black. After stirring at room temperature for 12 hr the 
solvent was removed under vacuum and the resulting solid was triturated 
with acetone (3 x 20 mL), transferred to a sintered glass frit and washed 
with water (2 x 20 mL), ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) 
and dried under high vacuum to afford 3a as a dark brown solid in 78% 
yield %. ICP-OES data: 7.1 wt% platinum and a platinum loading of 0.36 
mmol g-1. 
Synthesis of PtNP@PPh2-N-decylPIILS (3b). A round bottom flask was 
charged with [PtCl4]@PPh2-N-decylPIILS (3.58 g, 2.67 mmol) and ethanol 
(60 mL) and the resulting suspension treated dropwise with a solution of 
NaBH4 (0.80 g, 21.38 mmol). The solution instantly turned from orange to 
black. After stirring at room temperature for 12 hr the solvent was removed 
under vacuum and the resulting solid was triturated with acetone (3 x 20 
mL), transferred to a sintered glass frit, and washed with water (2 x 20 mL), 
ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) and dried under high 
vacuum to afford 3b as a dark brown solid in 81% yield. ICP-OES data: 15 
wt% platinum and a platinum loading of 0.77 mmol g-1. 
Platinum Nanoparticle-Catalyzed Hydrolysis of Sodium Borohydride. 
Catalytic hydrolysis reactions were conducted in water at the appropriate 
temperature in a thermostated 50 mL round bottom flask. The flask was 
charged with a stirrer bar, an appropriate quantity of catalyst (0.32 mol%, 
0.0050 g 3a; 0.32 mol% 0.0026 g 3b) and NaBH4 (0.021 g, 0.57 mmol) 
and fitted with a gas outlet which was connected to the top of an inverted 
water-filled burette. The reaction was initiated by adding water (2 mL), 
immediately sealing the system by replacing the gas outlet, opening the 
tap of the water filled burette and recording the time zero volume. Gas 
evolution began immediately, and the progress of the reaction was 
monitored by measuring the amount of gas generated by recording the 
volume of water displaced from the burette at regular time intervals (15 
sec). The optimum turnover frequency for each catalyst was determined 
by conducting a series of experiments with catalyst loadings ranging from 
0.08 – 0.32 mol% at 30 °C and measuring the hydrogen generated, as 
described above. Kinetic studies were also conducted as described above 
using 0.32 mol% 3a and 0.69 mol% 3b across a range of temperatures 
(21 °C, 25 °C, 30 °C, 35 °C and 40 °C) to determine the apparent activation 
energy (Ea).  
Determination of the Reaction Order for the PtNP-Catalyzed 
Hydrolysis of Sodium Borohydride. The rate law was investigated by 
conducting the catalytic hydrolysis reactions at 35 °C with a constant 
concentration of NaBH4 (0.284 M, 0.021 g in water (2 mL)) across a range 
of catalyst concentrations from 0.08 mol% to 0.64 mol% for 3a and 0.34 
mol% to 1.73 mol% for 3b. The influence of sodium borohydride 
concentration on the rate of hydrolysis was determined by conducting 
reactions at 25 °C in water (200 mL) with catalysts 3a and 3b (26 mole) 
and varying the quantity of sodium borohydride from 26.5 mole to 158 
mole ([NaBH4]0 = 0.13, 0.26, 0.39, 0.52, 0.65, 0.78 mM), which 
corresponds to catalyst:NaBH4 ratios of between 1:1 and 1:6.   
Catalyst Recycle Studies for the Hydrolysis of Sodium Borohydride. 
Recycle studies were conducted at 30 °C as described above using 2 
mol% 3a to catalyze the hydrolysis of sodium borohydride (0.021 g, 0.57 
mmol in water (20 mL)). After gas evolution had ceased the flask was 
recharged with a fresh portion of sodium borohydride (0.021 g, 0.57 mmol) 
and the gas evolution monitored by recording the volume of water 
displaced from the burette at regular time intervals; this procedure was 
repeated five times.  
Hot Filtration Tests. Hot filtration studies were conducted at 30 °C 
following the protocol described above using 0.32 mol% 3a to catalyze the 
hydrolysis of sodium borohydride (0.021 g, 0.57 mmol in water (2 mL)). 
The reaction was monitored by periodically measuring the amount of gas 
generated and when the reaction had reached about 50% conversion (8 
min) the reaction mixture was quickly filtered through a 0.45 m syringe 
filter, and the gas generated was monitored for a further 30 min. In an 
alternative procedure, a catalytic hydrolysis of NaBH4 (0.021 g, 0.57 mmol) 
using 0.32 mol% 3a was allowed to reach completion after which the 
reaction mixture was filtered through a 0.22 m diameter syringe filter, a 
further portion of NaBH4 added (0.021 g, 0.57 mmol) and the amount of 
gas evolved measured.  
Catalyst Poisoning Study. A 50 mL round bottom flask was charged with 
a stirrer bar, catalyst 3a (2 mol%, 0.0307 g), water (20 mL) and sodium 
metaborate (0.0765 g, 0.57 mmol) and the mixture stirred at 30 °C for the 
allocated time (t = 0 min, 20 min, 40 min, 60 min and 18 h) to explore the 
effect of poisoning time on catalyst efficacy. The reaction was initiated by 
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monitored by periodically measuring the amount of gas generated, 
according to the procedure described above.  
Tandem Reactions for the Hydrogenation of 1,1-Diphenylethene. 
Tandem reactions were conducted in a double Schlenk flask system 
connected by tubing. One flask was charged with a stir bar, NaBH4 (0.042 
g, 1.11 mmol) or NaBD4 (0.046 g, 1.11 mol), 0.32 mol% 3a (0.005 g). The 
hydrolysis was initiated by adding D2O (2 mL) or H2O (2 mL) and the 
reaction flask was sealed with a stopper and isolated from the second flask. 
Meanwhile the second flask was charged with a stir bar, 1,1-
diphenylethene (0.180 g, 1.00 mmol), 0.5 mol% Pd/C and CH3OH (2 mL) 
or d4-methanol (2 mL). The hydrolysis was left for 30 mins after which time 
the second flask was evacuated briefly, and the connector opened. The 
hydrogenation mixture was stirred at 30 °C for 18 h, after which time the 
solvent was removed under vacuum and the resulting residue analyzed by 
13C{1H} NMR spectroscopy and GC-MS to determine the composition and 
the distribution of isotopologues.  
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Platinum nanoparticles stabilized by imidazolium-based phosphine-decorated Polymer Immobilized Ionic Liquids catalyze the 
hydrolytic evolution of hydrogen from sodium borohydride with a TOF of 169 moleH2.molcat-1.min-1. Deuterium labelling studies for a 
tandem hydrogenation of 1,1-diphenylethene gave a mixture of all eight possible isotopologues consistent with facile reversible -
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